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A B S T R A C T
Earthen architecture historically has been widely used for wall construction around the world, particularly in
developing countries. Most of the earthen dwellings in Burkina Faso are built traditionally with adobe walls. This
construction technique is low-cost but it is easily eroded by water and often lacks satisfactory thermal comfort.
In this work an alternative low-cost earthen construction system, the earthbag technique is presented and
combined with passive design measures to assess the improvements in thermal comfort. Inspired in a real dome-
shape earthbag dwelling constructed in a Medical Training Center in Ouagadougou (Burkina Faso), free-ﬂoating
building energy simulations were performed for both the traditional adobe Burkinabe dwelling and the earthbag
dwelling using EnergyPlus. Besides free-ﬂoating direct temperature results, two indicators of annual comfort
were used, namely the hours of discomfort and the discomfort degree days. ASHRAE Standard 55 Adaptive
Comfort model was used to assess comfort conditions. Results show that the combination of night ventilation and
roof solar protection in the high-inertia earthbag building leads to an almost total elimination of thermal dis-
comfort during the year (only 209 h not meeting adaptive comfort and 3.1 ºC-days of discomfort). The same
combination of passive measures in the traditional Burkinabe dwelling improves signiﬁcantly thermal comfort
when compared to the base case, but it is not as eﬀective in providing comfort, with more than 3000 h and 200
degree-days of annual discomfort.
1. Introduction
Climate change is a fact and will aﬀect countries all around the
World. It may be thought that developing countries are out of the cli-
mate change impact because of their low energy consumption.
However, although it is true that developing countries contribute the
least to the problem, they will be aﬀected the most because of their lack
of ﬁnancial and technical resources to deal with global warming im-
pacts and because of population increase. This is particularly certain for
sub-Saharan Africa countries and for one of the poorest countries in the
world, Burkina Faso. In Burkina Faso, population is projected to in-
crease from 14 million to 29.15 million between 2010 and 2030 [1].
Thus, population increase and western building traditions, which do
not correspond to the local needs, will put an additional pressure on its
energy demand [2]. According to Ouedraogo et al. [1], building cooling
loads in Burkina Faso will increase up to 99% by 2080, compared to the
current situation. For all this, alternative models of urban planning
better adapted to poor countries and including passive systems are re-
quired. Coch [3] states that popular architecture may be the example on
how to assimilate the bioclimatic approach in the practice of archi-
tectural design. Technical solutions, respect for the existing environ-
ment, passive designs and tradition should be combined to build more
sustainable and thermally comfortable buildings.
This study is particularly interested in introducing earthbag
building as a sustainable, feasible, cheap and comfortable solution to
improve thermal comfort in Burkina Faso. This work is developed in the
framework of a cooperation project with the Spanish NGO Emsimision
for the construction of a Training Medical Center in Boulmiuogou
District, in Ouagadougou (Burkina Faso) [4]. The main goal of this
paper is to evaluate the annual thermal performance of two low-cost
earthen buildings, comparing an earthbag dwelling with an adobe
traditional Burkinabe dwelling. This comparison is performed by using
an energy simulation model with Energyplus and testing diﬀerent
bioclimatic design strategies such as use of high thermal mass materials
in roof and facades, solar protection by shading, and night crossed
ventilation.
https://doi.org/10.1016/j.jobe.2019.100732
Received 17 July 2018; Received in revised form 27 February 2019; Accepted 1 March 2019
⁎ Corresponding author.
E-mail address: lrincon@diei.udl.cat (L. Rincón).
1 Serra Húnter Fellow.
Journal of Building Engineering 24 (2019) 100732
Available online 06 March 2019
2352-7102/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).
T
2. Framework of the study
The earthbag building has been built in the Emsimision Training
Medical Center in Ouagadougou, within a cooperation project co-
ordinated and mainly funded by the University of Lleida. Emisimision is
a Catalan NGO focused on collaborating with humanitarian initiatives
in extremely poor countries, such as Burkina Faso, through volunteer
work and medical professional action. The Medical Center is located in
Boulmiuogou District, one of the areas of Ouagadougou with highest
demand for medical infrastructures [4]. The project aimed to build a
part of the residential area for the volunteers and students of the
Medical Center. In addition, the project contributed with the spread of
knowledge of this low cost building technique among the Burkinabe
population. Within this project frame, research was developed by the
University of Lleida about the compression strength of the earthbag
walls, the characterization of the earthbag mixture, the analysis of cost
of the construction, and the thermal behavior of the earthbag buildings.
3. Earthen construction
Earthen architecture historically has been widely used for wall
construction around the world, particularly in developing countries [5].
According to Minke [6], earth construction could have been used for
more than 10,000 years. Earth construction is also present currently
and has also increased substantially in the US, Australia and Brazil
mainly due to their sustainable construction agenda, in which the earth
construction plays a key role [7,8]. Interesting examples of this archi-
tecture are also found in the Ecuadorian Andes and in hot semi-arid
climates, especially in Africa, where earthen architecture has a long
history [9–13]. It is remarkable to highlight that earth building is fast,
economic, and recyclable [14]. For these reasons, earth building is
currently considered in the search for economically and en-
vironmentally sustainable housing [15]. In 2015, Zhao et al. [16]
published an extensive analysis and computer energy performance
modeling for representative vernacular architectural techniques for
diﬀerent climatic regions in the World, including wood, packed earth,
mud, bamboo or stone. This paper highlighted the interest of earthen
construction technique as a passive design principle to improve thermal
comfort.
Several studies in the last years have focused on assessing the in-
ﬂuence of constructive techniques and passive designs in thermal
comfort. For example, a ﬁeld monitoring of three houses in Navapalos,
Spain was conducted by Martín et al. [17] to show a clear diﬀerence
between the thermal behavior of traditional houses and non-traditional
ones. Results in summer, with average temperature of 23 ºC and peaks
of 35.7 ºC show that the indoor environment temperature of a 40 cm-
thick wall adobe house is inside the comfort zone. In 2014, Desogus
et al. [18] presented monitoring and simulation comparisons for an
earthen residential building in Sardinia (Italy) during summertime. This
research conﬁrmed the high thermal inertia of an adobe wall and
shown internal temperature values within the comfort range. Authors
concluded that roofs are the limiting component, creating local dis-
comfort due to radiant asymmetry. Palme et al. [19] presented mon-
itoring and simulation studies for four houses, built with diﬀerent
materials in a desert climate in winter (San Pedro de Atacama, Chile).
Adobe, rammed earth, wood and concrete are the four constructive
systems analyzed. Earthen buildings performed better than wood and
concrete in thermal decrement, thermal lag, insulation properties, and
solar radiation gain. Another interesting study for earthen constructions
is performed by Miño et al. in 2016 [11]. In this case, two dwellings
were selected in order to quantify the inﬂuence of the critical envelope
parameters on the indoor thermal performance in a rural area in the
Ecuadorian Andes. One dwelling was a mix of compressed stabilized
earth blocks (CSEB) and concrete tiles and the other was a common
uninsulated, lightweight dwelling that used hollow concrete blocks and
a zinc sheet as roof. Monitoring and simulation results demonstrated
that roof, ﬂoor and airtightness are the critical building parameter af-
fecting indoor thermal environment. Results evidenced a higher
thermal stability of the traditional dwelling house, with a reduction of
4.7 ºC in the total temperature oscillation, compared to the other house.
Three studies have focused their interest on Burkina Faso. Fati et al.
[20] modeled a dwelling and studied the time lag of several building
materials from Burkina Faso including earth materials according to the
geographic orientation of each walls. Ouedraogo et al. [1] performed a
dynamic thermal simulation for dwellings made with CEBs in dry and
hot climate that provides interior temperature and humidity during one
year. Hema et al. [21] show the inﬂuence of humidity gradient in dy-
namic environment on the calculation of thermal transfer through a
CEBs wall and the moisture ﬂow through compressed earth blocks wall
and hollow concrete blocks wall in Ouagadougou.
3.1. Adobe, earthbag and superadobe
Although several techniques can be used to build using the earth,
adobe is widely spread and it is an environmentally friendly and
abundantly available building material. The soil used in adobe con-
struction consists only in its mineral phase excluding the organic phase
usually present in the ﬁrst layers of soil. This phase consists of mineral
particles including clays, silts and sandy material, which are mixed
together in varying proportions [7]. Adobe construction is associated
with low embodied energy, low pollution impacts and low carbon di-
oxide emissions. This type of construction is also responsible for an
indoor air relative humidity beneﬁcial to human health [7]. It is also
important to highlight that this type of construction is eﬃcient from a
thermal point of view because of the thermal inertia of the earth.
However, rammed earth is not a good thermal insulator and is vul-
nerable to water and rain. Moreover, in Africa the excessive removal of
soil could cause negative eﬀects in the environment and the people’s
health due to the consumption of fertile agricultural soil and its con-
tribution to the propagation of mosquitoes and malaria [22]. Desogus
et al. [18] monitored an earth dwelling in Italy during summer 2010
and concluded that 30 cm of adobe masonry is the minimum width to
provide satisfactory thermal comfort conditions inside the dwelling in
summer time when the envelope of the building behaves also eﬃ-
ciently. This result is also conﬁrmed by Wessling [23]. Adobe con-
struction has advantages in many areas but there are also some draw-
backs that should be considered. According to Dunlap [24], a weak
point of this technique is the lack of standard criteria to evaluate it,
which therefore discourages investors. Focusing on architectural char-
acteristics, adobe constructions count with high shrinkage and swelling
ratios resulting in structural cracks, when exposed to diﬀerent weather
conditions. This means that these constructions are easily eroded by
water, which represents a drawback in climates with rainfall seasons,
such as sub-Saharan Africa countries [7]. Its poor construction quality
makes adobe buildings vulnerable to earthquakes and ﬂooding [7,25].
In many regions, population feels ashamed of living in an adobe
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construction because they are seen as buildings for the poor. This is one
of the reasons why during the last decades population is abandoning
traditional constructive techniques and moving to modern ones like
concrete.
Earthbag or superadobe constructions are evidently an alternative
to adobe. Superadobe is a form of earthbag construction patented and
developed by the Iranian architect Nader Khalili who proposed funda-
mentals rules for the design and building recommendations [26]. Both
construction techniques consist of introducing earth and small amounts
of a binder inside bags that serve as the formwork and conﬁnement of
the ﬁlling. Bags are stacked one over the other forming the walls of the
house and barwires between rows are used to improve friction and
adherence. The main diﬀerence between earthbag and superadobe is
that the ﬁrst one uses regular degradable bags to contain the soil while
the second uses long continuous bags. These structures have been used
in the last 25 years in emergency situations such as wars or natural
disasters, providing quickly, low cost and safe shelters. According to
Sargentis et al. [27], earthbag oﬀers more structural integrity and
durability than adobe. A review about the cost among diﬀerent earth
building techniques stated that earthbag building is four times cheaper
compared with conventional techniques [28]. It is remarkable to say
that despite earthbag and superadobe construction techniques have
been developed, still general recommendations and building codes are
missing. This is why some authors focus their research on developing
design methods for earthbag and superadobe structures [29,30]. Other
authors have also focused their interest on the evaluation of the global
stability and the earthquake response of earthbag and superadobe
structures and have concluded that these structures perform better than
adobe ones [31]. It is important to highlight that earthbag and super-
adobe systems count with the advantages of adobe technique, such as
thermal behavior and use of low cost materials, but overcomes some of
the disadvantages, such as the structural performance and durability.
3.2. Passive building strategies in earthbag constructions
Passive design principles have been presented as architectural
strategies for achieving thermal comfort in earthbag constructions
[32–34]. With suitable passive designs, improvement in thermal com-
fort of low cost earthbag dwellings may be acquired, implying an im-
provement of the quality of life of the people living in these regions. As
of today, no previous research has evaluated the thermal behavior of an
earthbag building using both energy simulation tools and thermal
monitoring with passive design strategies. To give insight in this topic,
this work presents diﬀerent passive strategies to be studied, such as
materials with high thermal inertia in walls and roof, solar protection
and night ventilation.
4. Architecture and climatology in Burkina Faso
4.1. Architecture in Burkina Faso
Burkina Faso is a country of 274,200 km2 with a population of 18.3
million inhabitants. 70.30% of Burkina Faso population lives in rural
areas and 22.70% in urban areas [35]. Clearly, the Burkinabe popula-
tion is predominantly rural, however a migratory movement towards
the cities has been observed in the last ten years. It is well known that
traditional architecture of Burkina Faso, due to populations’ values,
cultures and climate, is characterized by earth-based techniques [2,36].
Although this traditional architecture plays still a predominant role in
rural areas, the modern construction of the cities is also introduced and
this is why most houses in the cities are built using metal sheets or
imported materials like concrete. Henry et al. [37] show that these
modern constructions that are not adapted to the local climate generate
thermal discomfort. To reverse this trend, the government initiated
research programs on so-called friendly materials to promote the use of
local building materials such as earth-based ones. In 2006, about 69.4%
of earthen dwellings in Burkina Faso were built with adobe walls [38],
and this trend continues until today. It is well known that traditional
earthen architecture provides low cost dwellings, but oﬀers a lack in
thermal comfort. Thus, the thermal comfort improvement of low cost
earthen dwellings is a key point to enhance people life quality in these
regions. This can be achieved combining both earthbag constructive
Fig. 1. Climograph in Ouagadougou; annual temperatures ranges. Source: Climate Consultant (developed by UCLA Energy Design Tools Group, © Regents of the
University of California).
L. Rincón, et al. Journal of Building Engineering 24 (2019) 100732
3
system and passive design principles.
In Ouagadougou, where lives 46.4% of the urban population of the
country, walls of the majority of the houses are made of several local
materials: earth-based or cement-based. Three types of houses can be
basically found in Ouagadougou: modern cement block houses, com-
pressed earth blocks houses and adobe houses. Houses built with adobe
blocks represent 24.7% of the total buildings [38]. The earth used
comes from spontaneous quarries and should contain between 10% and
40% of clay [10,39]. Bricks are produced in wooden molds mixing earth
material and water and sometimes straw is added to limit cracks. Walls,
which are load-bearing with foundation depths shorter than 0.30m, are
basically built with earth mortar but sometimes coatings of either a
mixture of earth, straw and cow dung or cement are added. The earth
mortar used to mason bricks has a thickness between 2 and 5 cm. The
roof is either thatched or made of metal sheet. Thatched roofs are now
very marginal in the capital but conical, pyramidal or two slopes forms
can be found, depending on the shape of the dwelling. When metal
sheets are used for roofs structures, they are supported by a structure
made of wooden rafters with a section varying between 8×15 cm to
6× 8 cm depending on the distance between pillars or walls to be
crossed [2,36,40].
4.2. Climate conditions in Ouagadougou
Ouagadougou is the capital of Burkina Faso (Latitude 12.35º North,
1.52º West. Elevation: 316m). Its climate is hot semi-arid, (BSh) ac-
cording to Köppen climate classiﬁcation. This climate has a period of 8
months of hot and dry season and 4 months of wet season. During the
hottest months, from March to May, day temperatures surpass 40 ºC.
From November to February the “hermattan” -a fresh and dry wind
from the North- produces day temperatures about 25 ºC (Fig. 1). The
annual average precipitation is 788mm. The number of hours of solar
radiation per day is very similar along the year, about 12 h (Fig. 1). The
zenith of the sun is 55º in its lowest point, solstice of December, and
101º in solstice of June, reaching a perpendicular position respect to the
horizontal in the months between both equinox and the solstice of June.
The actual weather conditions of the test site at the Emsimision
Training Medical Center, in the Boulmiuogou District, are expected to
be very similar to the ones provided by the weather data ﬁle for
Ouagadougou, as Boulmiuogou is a district of that city.
5. Materials and methods
5.1. Traditional adobe dwelling in Burkina Faso
An adobe building with inner dimensions of 4.55× 3.55m, an inner
height of 2.70m and a net ﬂoor area of 15.90m2 is selected. The load-
bearing walls are built with a 15 cm thick adobe brick, with an interior
clay coating and an exterior lime coating. The adobe bricks are
manually built on site. The earth mixture is placed in molds and dried
to the sun (Fig. 2). The building has two windows with simple glazing
located in the south and north facade of 0.90× 0.90m each, and a
wooden door of 0.90× 2.10m located in the south facade. The roof is
built with a simple metal sheet. Detailed information of the materials
properties used in traditional adobe dwellings are presented in Table 1.
5.2. Innovative earthbag building
The earthbag building is built using the same materials for the fa-
cade and roof, with a rammed earth envelope of 32 cm thick, and a
dome shape (Fig. 3). Its inner dimensions are a circular plan of 4.5m of
diameter, and a maximum height in the central point of 4.70m, which
means a net ﬂoor area of 15.80m2. For comparison purposes, adobe
and earthbag dwellings have identical net ﬂoor areas. The earthen walls
sustain compress strength in all the dome shape. The perimeter of the
lowest part of the walls is structurally reinforced with a double thick
wall of 64 cm with a height of 77 cm. Table 2 shows the main ther-
mophysical properties of the materials used in the earthbag building.
The building has two square windows of 0.90×1.20m and four circular
windows of 0.22m of diameter, all with simple glazing. There is a
wooden entrance door of 0.90× 2.10m located in the south facade. An
extra roof has been added as a shadow device, built with a traditional
technique of wooden structure and thatch covering.
6. Energy simulation
The energy simulation has been done with Energyplus software,
using Open Studio as the graphical user interface. In the case of the
dome building, the program does not allow to create such a shape, for
this reason a polygonal dome has been drawn (Fig. 4). Whole year
building energy simulations have been performed using the EnergyPlus
weather data ﬁle for Ouagadougou. The default heat balance algorithm
based on the conduction transfer function (CTF) transformation and 6
time steps per hour for the simulation are applied. CTF is a widely used
numerical method to calculate transient heat conduction in Building
Energy Simulation tools. It is preferred to the ﬁnite diﬀerence method
thanks to the smaller computational time required [44]. The calibration
of the model was done in a dome built in the University of Lleida
Campus. Monitored temperature and humidity data was compared to
energy simulation results. For further details on calibration and mod-
eling refer to [43].
6.1. Energy simulation studied cases
Several passive design strategies of bioclimatic architecture used in
hot semi-arid climate are to be studied in the simulation tests. The
diﬀerent cases have been codiﬁed and described in Table 3.
6.1.1. Use of materials with high thermal inertia in walls and roof
In this simulation study, the eﬀect of using thicker earthen walls and
roof, with higher thermal inertia and thermal resistance, in the
earthbag building (Case 2_0) is compared to the thinner adobe walls
with metal sheet roof of the Burkinabe dwelling (Case 1_0). Building
energy simulations are carried out in free ﬂoating temperature condi-
tions, no ventilation, 0.5 air changes per hour (ACH) due to air in-
ﬁltrations and the same occupation.
6.1.2. Use of natural ventilation
The beneﬁt of cooling down the earthbag building by taking ad-
vantage of natural ventilation during the night (from 11 p.m. to 8 a.m.,
Case 2_1) is analyzed and compared with the base case (2_0), with no
ventilation. The ventilation has been considered in the simulation as 4
ACH, as if it was produced throughout the windows. During the rest of
the hours of the day, constant air inﬁltrations of 0.5 ACH have been
considered. For comparison purposes, simulations of the Burkinabe
dwelling with night ventilation are also performed (Case 1_0 compared
Fig. 2. Adobe production in the street (a) and traditional Burkinabe dwelling
(b) in Ouagadougou.
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with 1_1). 0.5 ACH is considered an high level of air tightness, whereas
4 ACH is in the range of medium level envelope tightness [45].
6.1.3. Use of solar protections
The shadow eﬀect of the shading roof over the superadobe building
is analyzed. A comparison between the same earthbag building with
(Case 2_2) and without solar protection (Case 2_0) is done to assess the
beneﬁt of the construction of a double roof. For comparison purposes,
simulations of the Burkinabe dwelling with an added roof solar pro-
tection are carried out, as well (Case 1_2, Fig. 4). This extra roof is built
with a traditional technique of wooden structure and thatch covering
and is designed to protect just the roof from the Sun, as this is the
surface that receives most of the solar radiation in these latitudes close
to the Equator.
6.1.4. Combined eﬀect
A simulation case including the combined eﬀects of increased in-
ertia, natural ventilation at nights and solar protection is also presented
and discussed, both for the earthbag and the traditional Burkinabe
dwelling (all cases).
6.2. Internal heat loads
The same internal heat loads are ﬁxed for both buildings. These
internal heat loads are deﬁned by the hypothetical occupation of the
building by two people, only during the night hours (Table 4). No in-
ternal loads due to electrical devices or lighting are considered. The
metabolic rate (met) has been used to calculate the heat loads due to
the human activity. This tax is deﬁned by 1 met as 55.5W/m2 for a
resting activity at home and 40W/m2 for the sleeping period. A human
surface of 1.8m2 is considered.
6.3. Analyzed results indicators
6.3.1. Free ﬂoating operative temperature for selected weeks
Free ﬂoating temperature plots for representative weeks have been
generated to visualize diﬀerences between diﬀerent cases. These plots
show the operative temperatures for the analyzed dwelling cases, which
is the average of the mean radiant temperature and the interior air
temperature. Other variables, such the calculated upper and lower
temperature limits for adaptive comfort, exterior temperature, people
occupation or solar horizontal radiation may also be included to enrich
the discussion.
The selected periods, to illustrate the results, are chosen to study
extreme weather conditions that can be found in the hot semi-arid
climate. These three periods are:
• Solstice of December (1 week). Coldest and dry weather.
• Solstice of June (1 week). Hottest and wet weather.
• First week of April. Hottest and dry weather.
6.3.2. Discomfort hours using the adaptive comfort model
Traditional and earthbag buildings thermal behavior is evaluated by
determining the time of discomfort during all the hours of the year,
according to the adaptive comfort model. ASHRAE Standard 55
Adaptive Comfort model has been used to assess comfort conditions
[46], which is especially suited for naturally ventilated buildings with
no mechanical cooling systems. In this model, comfort temperature
conditions are not constant, but depending on the prevailing mean
outdoor air temperature, which is determined as the arithmetic average
of the mean daily outdoor temperatures over the 7 days prior to the day
in question. The higher is the prevailing mean outdoor air temperature,
the higher are the upper and lower comfort temperature thresholds
(Fig. 5). In this model, users are expected to have an active behavior, for
Table 1
Materials properties of the traditional adobe dwelling.
System Material Thickness (m) Thermal conductivitya (λ, W/mK) Speciﬁc heata (Cp, J/kg K) Densitya (ρ,kg/m3) Glass SHGC (-)
Walls Adobe 0.15 0.95 920 1600 –
Roof Iron sheet 0.003 50 450 7800 –
Exterior coating Lime 0.03 1 1000 1600 –
Interior coating Clay 0.01 0.8 1000 1600 –
Door Wood Panel 0.03 0.14 1700 450 –
Windowsb Simple glazing 0.006 0.9 – – 0.862
a Source: Catálogo de Elementos Constructivos del Código Técnico de la Ediﬁcación, [41].
b Source: National Renewable Energy Laboratory [42].
Fig. 3. Earthbag building in the Emsimision Training Medical Center,
Ouagadougou. (a) Construction of the earthbag walls; (b) ﬁnished structure and
roof of the building.
Table 2
Materials properties of the earthbag building.
System Material Thickness (m) Thermal conductivitya (λ, W/m·K) Speciﬁc heata (Cp, J/kg·K) Densitya (ρ, kg/m3) Glass SHGC (-)
Walls Earthbag 0.32/0.64 1.1 1000 2190b –
Roof Earthbag 0.32 1.1 1000 2190b –
Exterior coating Lime 0.03 1 1000 1600 –
Interior coating Clay 0.01 0.8 1000 1600 –
Door Wood 0.03 0.14 1700 450 –
Windowsc Simple glazing 0.006 0.9 – – 0.862
a Source: Catálogo de Elementos Constructivos del Código Técnico de la Ediﬁcación, [41].
b Measured density taken from the building prototype of Campus de Cappont, Lleida [43].
c Source: National Renewable Energy Laboratory [42].
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instance opening windows or changing their clothes. Results are ex-
pressed in number of hours of discomfort per year. In this paper, the
annual hours of discomfort correspond to the comfort zone of 80%
satisfaction. The selection of a thermal comfort model for establishing
indoor optimal hygrothermal conditions during the hot period can led
to signiﬁcant diﬀerences in the results of energy consumption of
buildings in hot climates [47].
6.3.3. Discomfort degree-days using the adaptive comfort model
This discomfort indicator is applied in this work as a com-
plementary method to evaluate the degree of discomfort per each hour
of the simulated year. A very similar approach with annual degree
discomfort hours (DDH) is presented elsewhere [49] for free-running
houses. Eﬀectively, the previous parameter “hours of discomfort” is not
able to ascertain the level of discomfort achieved during a particular
hour because it states only whether or not the calculated inner opera-
tive temperature is within the adaptive comfort limits or not. Instead,
the discomfort degree-days parameter provides information about the
quality of the discomfort. For instance, if two operative temperatures
are compared (e.g. 30 ºC and 40 ºC) above the adaptive comfort
threshold (29.3 ºC for 90% acceptability limits) for a particular pre-
vailing mean outdoor temperature (29 ºC), it is clear that the comfort
sensations for occupants will be diﬀerent, as in one case they are only
0.7 ºC above the upper comfort limit (so almost in comfort conditions),
whereas in the other case the gap is over 10 ºC (so considerable dis-
comfort is expected). But for the discomfort hours’ indicator the two
hours will be out of comfort, and so will be computed as two hours not
meeting comfort conditions in the annual balance.
Establishing a parallelism with the degree-days method used for
determining the heating and cooling loads of a building in a simpliﬁed
way [50], the parameter discomfort degree days (DDD) is proposed to
capture this level of discomfort. In this way, the sum of the absolute
values of the temperature diﬀerences between comfort upper and lower
Fig. 4. Modelization of the traditional adobe dwelling (a) and the earthbag building (b) without and with roof solar protection with OpenStudio.
Table 3
Codiﬁcation for the simulated cases, both for earthbag and Burkinabe dwellings.
Building code Description Code for case studies Description of case
1 Traditional Burkinabe dwelling 1_0 Traditional base case, only inﬁltrations (0.5 ACH), no shading, no ventilation, roof metal sheet
1_1 Same as 1_0, but with night ventilation (4 ACH)
1_2 Same as 1_0, but with roof shading
1_3 Same as 1_2, but with night ventilation (4 ACH)
2 Innovative earthbag building 2_0 Earthbag base case, only inﬁltrations (0.5 ACH), no shading, no ventilation, more inertia than 1_0
2_1 Same as 2_0, but with night ventilation
2_2 Same as 2_0, but with roof shading
2_3 Same as 2_2, but with night ventilation (4 ACH)
Table 4
Heat loads applied in the energy simulations.
People Period of time Activity Heat loads
2 6–8 A.M. Staying at home 100 W/person
0 8 A.M.−6 P.M. – –
2 6 P.M.−10 P.M. Staying at home 100 W/person
2 10 P.M.−6 A.M. Sleeping 80 W/person
Fig. 5. Comfort zone limits as a function of the prevailing mean outdoor tem-
perature, according to the adaptive method in the ASHRAE 55-2010 Standard
(adapted from [CBE Thermal Comfort Tool for ASHRAE 55 (cbe.berkeley.edu/
comforttool) [48]].
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limits and the operative temperature points outside of these limits for
each hour of the year is performed. A value of zero is assigned to those
hours whose operative temperature is within the limits. The formula
applied for this calculation is as follows:
=
∑ − + ∑ −− > − >
DDD
T T T T( ) ( )
24
op up lim T T low lim op T T1
8760
, ( ) 0 1
8760
, ( ) 0op up lim low lim op, ,
(1)
where DDD are the Discomfort Degree Days for the building annual free
ﬂoating simulation, Top is the dwelling operative temperature, Tup,lim is
the upper limit for adaptive comfort, and Tlow,lim is the lower limit for
adaptive comfort. Note that these limits are not ﬁxed, but are calculated
for each hour as a function of the prevailing mean outdoor temperature.
6.4. Experimental validation of the energy simulation
Experimental validation of the earthbag simulation model has been
conducted in an earthbag building located in Lleida (Spain) with
Mediterranean continental climate. Measurements were carried out
during summer when climate conditions are comparable with those in
hot-semi arid climates. During this period, outdoor temperatures range
from 18 ºC to 32 ºC, with thermal amplitude similar to the climate
conditions of Burkina Faso. After three weeks of monitoring in July
2017, an agreement between simulated and measured inner tempera-
ture values is observed, with an average error along the period of 2%.
7. Results
7.1. Use of materials with high thermal inertia in walls and roof
Fig. 6 shows the operative inner temperatures achieved in both
buildings during the hottest period of the year in Ouagadougou. The
comfort range of temperatures and the occupation of the buildings are
also shown. The maximum operative temperature in the traditional
dwelling is signiﬁcantly higher than the exterior air temperature, due to
the over-heating of the metal sheet caused by the perpendicular in-
cidence of the solar radiation. During the night, the low thermal inertia
of the building allowed to a fast cooling, achieving night temperatures
only one or two degrees above the minimum exterior temperatures. In
addition, the metal sheet roof during the night promoted night radiative
cooling, which made decrease the night inner air temperature. While
the night exterior air thermal amplitude in Ouagadougou ranges from
8 ºC in August to 14 ºC in December (Fig. 1), the thermal amplitude in
the traditional dwelling was even higher in all the simulated periods,
with an average of 12–15 ºC. In contrast, the earthbag building
achieved 2 ºC diﬀerences between maximum and minimum daily op-
erative temperature. The thermal stability inside the earthbag building
provided a better feeling of thermal comfort to the users, giving a
fresher space in the hottest hours of the day and a warmer space during
the coldest hours of the night. However, during this week all the hours
are outside comfort for the base case earthbag building (2_0), whereas
the Burkinabe base case building (1_0) presents some comfort hours
during the nights. Note that the exposed heat transfer area in the
earthbag dwelling is higher than the one in the traditional dwelling
(same ﬂoor area, but larger envelope area and volume, due to the dome
shape), and thus the annual conduction heat gains through the opaque
surfaces are 62% higher. However, the higher thermal inertia of the
earthbag construction outweighs this eﬀect, yielding to the observed
higher thermal stability in the earthbag building.
The application of the ASHRAE Standard 55 Adaptive Comfort
model to all the hours of the simulated year in Ouagadougou is clearly
shown in Fig. 7, plotting the internal operative temperature for the
earthbag and the traditional dwelling as a function of the prevailing
mean outdoor temperature. For the traditional case, many operative
temperature points are far above the upper comfort limit and a few are
even below the lower comfort limit, mainly in the cold season. On the
other hand, in the earthbag case most of the points are either within the
comfort adaptive range or only a bit above the upper limit (0–3 ºC).
Fig. 8 presents the comparison of traditional Burkinabe and
earthbag dwellings for the considered two annual indicators, namely
the annual discomfort hours and the degree days of discomfort. In terms
of hours of discomfort, both cases yield very similar results, with 5077 h
of discomfort for the earthbag dwelling and 5084 h for the traditional
dwelling. However, when the second indicator proposed in this paper is
analyzed, the base case earthbag building shows much better comfort
results than the traditional one (217 vs. 923 ºC days, respectively). So,
the qualitatively much better visual comfort results illustrated in Fig. 7
for the earthbag case are adequately captured by the degree-days dis-
comfort indicator, but not by the annual hours of discomfort.
7.2. Use of natural ventilation
Fig. 9 shows results for the earthbag building in the coldest period of
the year, the winter Solstice week, in December. During this period,
outdoors temperatures range between 17 ºC and 37 ºC while the two
Fig. 6. Inside temperatures of base case earthbag building compared to base case traditional adobe dwelling with metal sheet roof, ﬁrst week of April.
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earthbag cases compared show a very stable inner operative tempera-
ture, thanks to the big thermal inertia of the earthbag building. When
night ventilation is added, night temperatures decrease achieving
2–3 ºC lower temperatures than the no ventilation base case. But this
night cooling is not enough to cool down the building for the full day.
Maximum interior day temperatures are almost the same in both cases,
without ventilation and with night ventilation. Considering that the
users of the building are present during night period, a human action
for opening and closing windows is possible during these hours. In a
more optimized design, windows should only be open when night
outdoor temperatures are below the indoor ones, instead of keeping
always the same schedule. All day ventilation should be avoided, as
daily temperatures are normally well above the comfort range.
The analysis of this night ventilation eﬀect in annual comfort in-
dicators is shown in Fig. 10. Similar annual comfort improvements are
achieved for hours of discomfort and degree days, when the base case
earthbag building (2_0) is compared with the night ventilated case
(2_1). Reductions in discomfort indicators yield to 30% and 36%, re-
spectively. However, the total hours not meeting comfort are still high,
and about 40% of the time the dwelling is out of the comfort range.
7.3. Use of solar protections
The addition of a shadow element over the earthbag building pro-
vided a diﬀerence of 2–3 ºC in the interior operative temperature in the
solstice of June (Fig. 11). This small reduction is suﬃcient to move from
a discomfort situation during all the hours in this week for the base case
earthbag building to achieve the comfort range practically in all the
period for the solar protected case. A whole year visualization of this
signiﬁcant improvement in thermal adaptive comfort is shown in
Fig. 7. Annual operative temperature points over mean outdoor temperature for the traditional dwelling and earthbag base cases.
Fig. 8. Annual hours of discomfort and annual degree days of discomfort for
earthbag and traditional dwellings.
Fig. 9. Comparison of interior operative temperature for free ﬂoating in earthbag building with and without night ventilation (4 ACH), Solstice of December period.
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Fig. 12, where it can be observed that nearly all the hours of the year
lay within comfort ranges for the earthbag dwelling with roof solar
protection.
Regarding the comfort indicators (Fig. 13), the above mentioned
important comfort improvements are conﬁrmed quantitatively. Indeed,
for the solar protected earthbag dwelling, there are only 209 h not
meeting adaptive comfort and 3.1 ºC-days of discomfort. Compared to
the earthbag base case, the achieved discomfort reductions are 96% and
99%, respectively. These results sustain the previous ones about the
importance of protecting the horizontal elements of the building in low
latitudes.
7.4. Combined eﬀect
Fig. 14 compiles the comfort indicators results obtained in the
previous chapters for the earthbag building, and includes new results
for the combined case, the one implementing the eﬀects of increased
inertia, night ventilation and solar protection. For comparison pur-
poses, the same cases for the traditional Burkinabe dwelling are simu-
lated and presented. For the traditional Burkinabe dwelling cases, night
ventilation has practically no eﬀect in the comfort improvement (only
1% decrease for hours of discomfort), whereas the solar protection is
very eﬀective improving comfort, with a 37% reduction for hours of
discomfort indicator and 77% reduction in discomfort degree-days. On
the other hand, night ventilation in the earthbag building is beneﬁcial,
as explained previously. However, when the solar protection passive
measure is applied in the earthbag case, the reduction is so important
than the inclusion of night ventilation is nearly unnoticeable in the
combined case, including all the passive measures studied. When
comparing the best cases for the traditional and earthbag dwelling, the
combined cases, the earthbag one is showing much better annual
comfort results. Earthbag is 94% better in terms of hours not meeting
comfort, and 99% better in discomfort degree-days.
8. Conclusions
Passive design strategies have been simulated and compared to as-
sess the thermal comfort of two diﬀerent earthen buildings in hot semi-
arid climate; the traditional adobe Burkinabe dwelling and the in-
novative earthbag building. Free ﬂoating operative temperatures have
been simulated with EnergyPlus software. The analyzed tests have
been: use of materials with high thermal inertia in walls and roof, use of
natural ventilation, and use of solar protections. The indicators used
have been the discomfort hours and the discomfort degree-days, both
using the adaptive comfort model. Discomfort degree-days (DDD) in-
dicator has given a more realistic way of assessing the thermal comfort
in a building because it takes into consideration how far the operation
temperature from the limits of the comfort range is.
Earthbag building provides a better thermal comfort than tradi-
tional adobe Burkinabe dwelling because of its constructive system,
rammed earth walls and roof of 32 cm thick, has a higher thermal in-
ertia. Earthbag building provides a very stable temperature along the
day with thermal amplitudes of 2 ºC. The low thermal mass and the
metal sheet roof in the Burkinabe dwelling causes an increase of the
maximum day temperatures inside the building, obtaining thermal
amplitudes of 12–15 ºC, often out of the comfort range. However,
during the night, this metal sheet provides radiative cooling and a
consequent decrease of the minimum temperatures, closed to the ex-
terior air temperature. In terms of comfort indicators, both the adobe
and the earthbag dwelling base cases yielded very similar results, with
about 5000 h of discomfort. However, based on the degree-days dis-
comfort indicator, the base case earthbag building shows a 76% in-
crease in comfort results compared to the traditional one. This conﬁrms
that the degree-days discomfort indicator is better than the hours of
discomfort indicator and is able to capture more adequately comfort
reality.
The night ventilation with an active behavior of the users of the
Fig. 10. Annual Hours of discomfort and annual degree days of discomfort for
earthbag dwelling with and without night ventilation.
Fig. 11. Comparison of operative temperatures in the earthbag building with and without roof for solar protection, Solstice of June period.
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building provides an improvement of the thermal comfort in both cases;
the earthbag building and the traditional Burkinabe dwelling. All day
ventilation should be avoided because the high outdoor temperatures
along the day hours increases substantially the inside temperature of
the building, reaching maximum temperatures near to the exterior air
ones. Night ventilation in the earthbag building yields to a substantial
decrease of 30–35% for the two comfort indicators analyzed. However,
the total hours not meeting comfort are still high, and about 40% of the
time the dwelling is still out of the comfort range.
The protection from solar radiation of the roof is crucial in both
cases, traditional adobe dwelling and earthbag building, because in the
latitude of Ouagadougou solar incidence is almost perpendicular to the
horizontal elements along the central hours of the day in all the periods
of the year. In the case of the earthbag building, the shadow produced
by the double roof -which is built with traditional techniques and or-
ganic materials- provided a decrease of 3 ºC in all the periods, what
resulted in a signiﬁcant improvement of the annual thermal comfort
indicators. In the earthbag building, solar protections yielded to a 96%
improvement of hours meeting comfort and to a 99% decrease of the
discomfort degree days.
When comparing the best cases for the traditional and earthbag
dwelling, the combined cases with both night ventilation and solar
protection implemented, the earthbag one is showing much better an-
nual comfort results (94% better in terms of hours not meeting comfort,
and 99% better in discomfort degree-days).
Because of the exposed reasons, the earthbag constructive system
provides a thermally comfortable building in hot semi-arid climate. Its
low cost and local materials use could provide a suitable solution for
low cost dwellings in the sub-Saharan Africa. Future work could tackle
a Life Cycle Economic Assessment for both the earthbag and the tra-
ditional adobe dwellings to analyse its economic feasibility.
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